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ABSTRACT
The abrupt change in the pulse period of a pulsar is called a pulsar glitch. In this paper,
we present eleven pulsar glitches detected using the Ooty Radio Telescope (ORT) and
the upgraded Giant Metrewave Radio Telescope (uGMRT) in high cadence timing
observations of 8 pulsars. The measured relative amplitude of glitches (∆ν/ν) from
our data ranges from 10−6 to 10−9. Among these glitches, three are new discoveries,
being reported for the first time. We also reanalyze the largest pulsar glitch in the
Crab pulsar (PSR J0534+2200) by fitting the ORT data to a new phenomenological
model including the slow rise in the post-glitch evolution. We measure an exponential
recovery of 30 days after the Vela glitch detected on MJD 57734 with a healing factor
Q = 5.8 × 10−3. Further, we report the largest glitch (∆ν/ν = 3147.9 × 10−9) so far in
PSR J1731−4744.
Key words: stars:pulsars, − instrumentation: interferometers − method: observa-
tional, statistical
1 INTRODUCTION
Pulsars are rapidly rotating magnetized neutron stars (NS).
Their rotation frequency (ν) decreases with time due to loss
of rotational kinetic energy by radiation and particle wind.
Other than the slow systematic spin down, pulsars occasion-
ally spin up. The sudden spinning up of a pulsar is called
a glitch (Radhakrishnan & Manchester 1969). The relative
spin up ∆νν spans a few orders of magnitude from 10
−10 to
10−6. This sudden spin up of the pulsar can be measured
by the technique of pulsar timing (Shemar & Lyne 1996).
Initially, glitches were modelled as starquakes (Ruderman
1969). But the frequent glitches in the Vela pulsar favoured
a superfluid model (Alpar et al. 1984a,b; Pines & Alpar
1985; Epstein & Baym 1988; Haskell & Melatos 2015) over
the starquake model. In any case, glitches provide a unique
probe of the structure of NS.
In the superfluid origin of glitches, they are caused by
the sudden release of accumulated angular momentum of the
? E-mail: avishek@ncra.tifr.res.in
vortices pinned in the inner crust (Anderson & Itoh 1975)
when the difference in the angular velocity between the su-
perfluid (SF) and its surroundings exceeds a critical value.
Migration and re-pinning of vortices over an extended period
of time defines the post-glitch behaviour. Thus, glitches can
be used to probe the structural properties of neutron stars
(Link et al. 1992) and also the dynamics of SFs inside the
neutron star (Seveso et al. 2012). The moment of inertia (I)
of the star and that of the crustal SF is determined by its
equation of state (EoS) and hence fractional moment of in-
ertia (FMI) can be used to constrain the EoS. However, in
some cases the observed FMI is so large that the partici-
pation of the core SF appears to be necessary (Basu et al.
2018). The contributions of different components of NS to
glitches is still an open problem.
In this paper, we present the results of recent glitches
that have been detected using the Ooty Radio Telescope
(ORT: Swarup et al. 1971) and the upgraded Giant
Metrewave Radio Telescope (uGMRT: Swarup et al. 1991;
Gupta et al. 2017) in a program of high cadence monitoring
of high glitch rate pulsars. The ORT is a 530 m long
© 2015 The Authors
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offset parabolic cylindrical antenna in the north-south
direction and 30 m wide in the east-west direction. The
ORT is sensitive to a single polarization of the incoming
radiation. The uGMRT is a “Y” shaped interferometer with
30 antenna elements, each of 45 m in diameter.
The main aim of our targeted observations was to detect
large number of glitches and find the post-glitch recovery
with high cadence monitoring of a selected sample of pulsars.
The organisation of the paper is as follows. In Section 2, we
discuss the method by which we have selected the pulsars to
create our sample set for targeted observations. In Section
3, we discuss the observation set up used for observing the
pulsars at the uGMRT and the ORT as well as the analysis
procedure to reduce the raw data. Finally, in Section 4, we
present the glitch parameters of individual pulsars from our
timing studies and conclude the paper with discussion in
Section 5.
2 SAMPLE SELECTION AND INTEGRATION
TIME
We selected a sample of pulsars, visible at the ORT and the
uGMRT, with the following considerations in mind. First,
we used the catalogue of pulsar glitches, maintained by Jo-
drell Bank1 to select the glitching pulsars, which were visible
at the ORT and the uGMRT. Thus, all pulsars with declina-
tions from −55◦ to +55◦ were selected for observations with
the ORT. Likewise all sources with declinations from −53◦ to
+90◦ were selected for observations at the uGMRT. Second,
the telescope and the observing frequency of each pulsar
was decided based on its Dispersion Measure (DM)2. As the
ORT operates at 334.5 MHz, the pulsars with DMs greater
than 124 pc cm−3 (with the exception of PSR J1740−3015)
were not observed with the ORT. This is because the ex-
treme scatter broadening at lower frequency of operation at
the ORT results in degradation of the signal to noise ratio
(S/N). In contrast, all the high DM pulsars were selected to
be observed at either 750 or 1300 MHz using the uGMRT.
Then, the list was screened for detectabilty of pulsars
with the ORT and/or the uGMRT as follows. For timing
these pulsars, a minimum S/N of 20 was assumed to be ade-
quate as an optimal trade-off between the required telescope
observing time and timing precision for these timing noise
dominated pulsars. The required observations time τ was
then estimated using the radiometer equation, given below
τ =
(S/N)2(Trec + Tsky)2
G2S2averageNp∆ f
( W
P −W
)
(1)
where Trec andTsky are receiver temperature and sky
temperature. The Tsky is computed from the Haslam map
(Haslam et al. 1982) assuming the spectral index for sky
background to be 2.6 as mentioned in Haslam et al. (1982).
G, ∆ f and Np are the gain of the telescope, the bandwidth
1 http://www.jb.man.ac.uk/pulsar/glitches.html
2 Dispersion measure is integrated electron density towards the
line of sight of the pulsar, which causes the higher frequency pulse
to arrive before the lower frequency pulse.
of the observations and the number of polarization respec-
tively. While the ORT has a single polarization, the uGMRT
has dual polarization feeds. P (pulse period) was taken from
the ATNF pulsar catalog3, whereas W (width of the pulse)
was corrected for pulse scatter-broadening from W504 as ex-
plained below. The effect of scatter broadening was taken
into account by convolving a top hat pulse of width W50 with
the exponential scatter-broadening function using character-
istic time-scales obtained from Krishnakumar et al. (2017a)
and NE2001 model (Cordes & Lazio 2002). The final width
W is taken as 50% of the peak height of the convolved pulse
profile. Saverage is the average flux density of the pulsar,
which is specified in the ATNF catalog at either 400 and/or
1400 MHz. We computed the Saverage of the pulsar at the
observing frequency f using the relation Ff ∝ f −α, where α
is the spectral index. For the pulsars, whose flux densities
are known at two frequencies in the ATNF pulsar catalogue,
we compute the spectral index (α) from the values quoted
in the catalogue. Otherwise, we used α = 1.8 (Maron et al.
2000) to scale Saverage from the flux density at the fre-
quency available in the catalog. Then, we used Equation 1
to estimate the required integration time for each pulsar at
the ORT and at the uGMRT. The pulsars whose integration
time was more than 40 minutes were not selected. One ex-
ception was higher cadence observations of PSR J1740−3015
using the ORT as this pulsar is heavily scatter-broadened at
334 MHz. Observation time required at the uGMRT was
about 15 minutes at 1300 MHz. The final integration time
was determined (even for the pulsars, which required very
short integration times) by the time required to accumulate
2000 pulses. This enabled us to obtain at least two sub-
integrations each of 1000 pulses in every epoch of observa-
tions for all the pulsars. These considerations reduced our
sample of pulsars to 29. Finally, the glitch rate per year was
used to narrow down the list further. The pulsars having a
glitch rate of more than 0.3 per year were selected for obser-
vations. In pilot observations, we detected only 18 of them
in the estimated integration time and these were monitored
for the study presented here. Only 8 out of these 18 pul-
sars were detected with glitches. This sample covers a wide
range of characteristic ages between 1.26 kyr to 984 kyr. The
cadence and observations are discussed in the Section 3.
3 OBSERVATIONS AND ANALYSIS
Observations of the selected sample of pulsars were carried
out with the ORT and the uGMRT as summarized in Ta-
ble 1. The observations at the ORT were carried out at
334.5 MHz with 16 MHz bandwidth. The pulsar back end
PONDER (Naidu et al. 2015) was used during the observa-
tions at the ORT. PONDER provides real-time coherently
dedispersed time series data of the pulsar. Folding of the
dedispersed time series data was done using an ephemeris
created from our initial observations using pulsar analysis
software DSPSR5 (van Straten & Bailes 2011) and this pro-
vided folded sub-integrations of about 1000 pulses as PSR-
3 http://www.atnf.csiro.au/research/pulsar/psrcat/
4 W50 is the width of the pulse at the 50% of the peak, obtained
from ATNF pulsar catalogue
5 http://dspsr.sourceforge.net/
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PSR J-Name
RA
(h:m:s)
Dec.
(◦ : ′ : ′′)
Start
MJD
Stop
MJD
Cadence
(per week)
Duration
(min)
Ref
position
ORT
J0534+2200 05:34:31.973 +22:00:52.06 56729 58323 7 5 5
J0742−2822 07:42:49.058 -28:22:43.76 56630 57870 7 10 7
J0835−4510 08:35:20.61149 -45:10:34.8751 56729 58299 7 5 6
J1731−4744 17:31:42.17 -47:44:34.37 57919 58299 2 20 1
J1740−3015 17:40:33.82 -30:15:43.5 56779 58312 1 180 1
uGMRT
J0729−1448(4) 07:29:16.45 -14:48:36.8 58097 58663 0.5 - 0.2 20 1
J1740−3015(5) 17:40:33.82 -30:15:43.5 58089 58455 0.5 - 0.2 15 1
J1751−3323(4) 17:51:32.725 -33:23:39.6 58097 58663 0.5 - 0.2 20 4
J1837−0604(5) 18:37:43.55 -06:04:49 58089 58455 0.5 - 0.2 5 3
Table 1. Table of pulsars, which exhibited a glitch, in our monitoring program with the ORT and the uGMRT. Observations at the
ORT were done at 334.5 MHz with 16 MHz bandwidth. At uGMRT, observations were done at Band 5 (1100−1500 MHz) and Band
4 (550−950 MHz), with 400 MHz bandwidth. The first column shows the J Name of the pulsar, second and third column contains the
RA and Dec taken from references listed in column 8. In case of pulsars observed at uGMRT, the number in the bracket adjacent to
the name of the pulsar shows the band used during the observations. The fourth and fifth column show the start and stop MJD of the
observations between which the glitches have been detected. The second last column tabulates the on-source integration time.
References :1. Yu et al. (2013a), 2. Zeiger et al. (2008), 3. D’Amico et al. (2001), 4. Yuan et al. (2010), 5. McNamara (1971), 6. Dodson
et al. (2003), 7. Hobbs et al. (2004)
FITS (Hotan et al. 2004a) files. The time stamps for the
data were provided in Coordinated Universal Time (UTC)
obtained using a Global Positioning System receiver.
For the pulsar observations at uGMRT, we used the 14
central compact array antennas and the first antenna of each
arm in a phased array mode. Phasing of the array is achieved
by observing a standard calibrator source in the sky before
the pulsar observations and compensating for instrumen-
tal delays in the receiver chain of each antenna estimated
from these observations. Observations of the pulsars were
done at Band 4 (550 − 950 MHz) and Band 5 (1100 − 1500
MHz) with 400 MHz bandwidth at the uGMRT with two
channels of polarisation. The data were recorded with 2048
channels and processed offline. The native uGMRT format
spectral data were converted to SIGPROC6 format filter-
bank file, which was dedispersed and folded using DSPSR to
obtain PSRFITS files with sub-bands and sub-integrations.
Ephemerides, obtained from initial solutions of our data,
were used for folding the time-series. The time stamps for
the data were provided in UTC obtained using a Global Po-
sitioning System receiver.
The observations of pulsars at the uGMRT were done
with a typical cadence of 20 days (Table 1), whereas those
at the ORT were performed with much higher cadence (typ-
ically 2−3 days). The details of observations are listed in
Table 1. While our sample consisted of 18 pulsars, only the
pulsars, where a glitch was detected are listed in the Tables
1 and 2.
Since data from both the uGMRT and the ORT were
6 http://sigproc.sourceforge.net/
available in PSRFITS format, all subsequent analysis used
the PSRCHIVE package7 (Hotan et al. 2004b). First, a high
S/N ratio profile was selected and modelled as a sum of
Gaussians using the program “paas” to obtain a noise-free
template profile. Then, this template was cross-correlated in
the frequency domain with all profiles using “pat” employ-
ing a frequency domain cross correlation method developed
by Taylor (1992). The ToAs thus obtained were analysed
using the pulsar timing software TEMPO28 (Hobbs et al.
2006; Edwards et al. 2006).Throughout this work, we used
the DE405 solar system ephemeris (Standish 1998) with the
2014.11.1 version of TEMPO2. The Earth rotation parame-
ters for TEMPO2 were updated till 2019. The timing anal-
ysis for determining the glitch parameters used J2000 equa-
torial coordinates for the pulsars as shown in Table 1 along
with the relevant references.
TEMPO2 provides the differences between actual pulse
arrival times and times predicted from a simple assumed ro-
tational model. These differences or residuals describes devi-
ations from the assumed rotational behaviour of the pulsar.
A spin-up, as observed in a glitch, is seen as an increasingly
negative residual. A simple slow-down model involving ro-
tational frequency and its first derivative is first fitted to a
period of time, which is devoid of any glitch activity. The
timing residuals for the whole data set are then inspected
visually for the presence of glitches. The fractional spin up
∆ν/ν and fractional spin up rate ∆ Ûν/ Ûν were obtained from
comparison of parameters before and after the glitch, with
7 http://psrchive.sourceforge.net/
8 https://bitbucket.org/psrsoft/tempo2/
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Pulsar
J Name
Epoch
MJD
Preglitch
ν (Hz)
Preglitch
Ûν (Hz s−1)
∆ν
ν × 10−9 ∆ ÛνÛν × 10−3 τ (days) ∆II (%)
J0534+2200 58064.9(1) 29.636731054(1) -3.68607(4) E-10 484.39(1) 5.173(6) −− 0.2
J0534+2200 58237.2(1) 29.631219537(6) -3.6899(2) E-10 1.7(6) -0.144(8) −− 0.0009
J0729−1448 58266.6(9) 3.9725934652(4) -1.79807(2) E-12 3.8(4) −− −− 0.003
J0742−2822 56726.1(2) 5.9961735068(4) -6.042(2) E-13 2.6(2) −− −− 0.017
J0835−4510 57734.4(2) 11.186433252(6) -1.556383(8)E-11 1433.2(9) 5.595(9) 32(2) 1.45
J1731−4744 57978.17(2) 1.204923648(2) -2.373(1) E-13 3147.9(2) 2.2(4) −− 4.2
J1740−3015 57336(9) 1.64747945(1) -1.2637(4)E-12 4(2) -0.6(8) −− 0.004
J1740−3015 57468.8(5) 1.64745987(1) -1.263(2)E-12 235(28) −− −− 2.66
J1740−3015 58236.0(3) 1.6473814477(1) -1.26412(2)E-12 837.4(2) 1.5(6) −− 1.64
J1751−3323 58438(3) 1.8240514978(2) -3.019(2) E-14 3.4(8) 27(4) −− 0.17
J1837−0604 58233.7(8) 10.382114964(4) -5.025(2) E-12 70(1) −− −− 0.1
Table 2. This table lists the glitch parameters for all the glitches presented in this work. The first column is the J name of the pulsars,
followed by the epoch of the glitch, pre-glitch rotation frequency and the frequency derivative at the glitch epoch. In the fifth, sixth and
the seventh columns, we present the fractional change in rotation frequency and its derivative due to glitch and report the time scale
of glitch recovery, if measured. Finally, in the last column we present the FMI due to the glitch using the Equation 11. of Basu et al.
(2018). We quote the 2σ uncertainties in our measurement.
the epoch of the glitch determined by requiring a continuity
of phase across the glitch. These parameters are listed for
11 glitches in Table 2.
To obtain the variation of ν as a function of epoch,
first ToAs of all sub-integrations (typically 3 to 10) in each
observation was obtained. Then, a subset of residuals were
progressively chosen using a moving window of about 5 to 50
days and a stride of 3 to 30 days depending on the cadence of
the observations and a simple slow-down model of the form
ν(t) = ν0+ Ûν0×(t−t0) was fitted at the central epoch (t0) of the
moving window, where ν0 and Ûν0 are the measured rotation
frequency and its derivative at the time t0. This resulted in
a time-series of ν as shown in the lower panels of Figure 1 −
12. In few glitches the time-series of Ûν can also be obtained
as shown in Figure 1, 3 and 10. The observed post-glitch
frequency residuals can be described as a function of the
time elapsed since the epoch of the glitch, relative to the
pre-glitch ephemeris, by different models, some of which are
discussed in the next section.
4 RESULTS
In our monitoring, we detected 11 glitches from 8 pul-
sars. The parameters of these glitches are presented in Ta-
ble 2. We present three new glitches in PSRs J0729−1448,
J1751−3323 and J1837−0604. Two of the glitches, one each
in PSR J0534+2200 and J0835−4510, reported in this pa-
per were previously published (Shaw et al. 2018; Palfreyman
et al. 2018). We present new analysis of these glitches using
our data at 334.5 MHz with the ORT. For the remaining six
glitches, which are also listed in the Jodrell Bank glitch cat-
alogue, the glitch parameters obtained from our analysis as
well as their post-glitch behaviour is presented for the first
time. The post-glitch behaviour of all the pulsars is shown
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Figure 1. The largest ever glitch observed in PSR J0534+2200
(Crab pulsar) on 2017 November 7. While the spin up started at
this epoch, the recovery was delayed by approximately 1.78 days.
The top panel shows the evolution of timing residuals with obser-
vations epoch. The delayed recovery part in the timing residuals
is shown in the box zoomed in near the glitch epoch in the up-
per panel. The middle and bottom plot show the evolution of ν
and Ûν respectively after subtracting the pre-glitch trends in these
parameters to bring out the departures from a simple spin down
model more clearly. The glitch epoch is marked with grey colour
vertical line.
in Figure 1 to 12, where the phase residuals, evolution of
frequency and its derivative after subtracting the pre-glitch
timing model as a function of observations epoch are shown.
Evolution of Ûν is shown only if Ûν is fitted.A discussion on
individual glitches is presented below.
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4.0.1 PSR J0534+2200
The largest ever glitch event in PSR J0534+2200 (Crab Pul-
sar) on MJD 58064 (Shaw et al. 2017) was detected using
the ORT (Krishnakumar et al. 2017b). The glitch shows a
feature, where the frequency offset from a secular spin down
just after the glitch increases slowly for an initial two days,
followed by the usual recovery as shown in Figure 1. We
also detected an ”aftershock” glitch about 175 days later,
although this interval is much larger than 20 to 30 days as
proposed by Wong et al. (2001) for the aftershock glitches
in their sample.
To understand post-glitch behaviour of glitches pre-
sented in this paper, we tried different phenomenological
models. While this is particularly relevant for glitches in
PSR J0534+2200, where a simple slow down model does
not adequately describe the rich features seen in its glitches,
different models may need to be adapted for other pulsars
as well. Hence, we first define these models. A general phe-
nomenological model for a glitch is given in Equation 2.
∆ν(t ≥ tg) = ∆νp + ∆ Ûνp(t − tg) +
i=n∑
i=1
∆νdi e
− t−tgτdi (2)
(MODEL−I)
where ∆νp is the permanent change in the rotational fre-
quency, ∆ Ûνp is the permanent change in the frequency
derivative and tg is the glitch epoch. In few cases (Espinoza
et al. 2011), the post-glitch epochs can be seen with multiple
exponential recoveries, each with a time-scale τdi , with the
amplitude of the decaying component given by ∆νdi . How-
ever, for the Crab pulsar, it becomes necessary to account
for the change in Üν (Wong et al. 2001). Incorporating this
term, therefore Equation 2 can be written as
∆ν(t ≥ tg) = ∆νp + ∆ Ûνp(t − tg) + 12∆ Üνp(t − tg)
2 (3)
+
i=n∑
i=1
∆νdi e
− t−tgτdi
(MODEL−II)
It may be noted that ∆ Üν and the exponential terms become
covariant for very large value of τd. This is because the ex-
pansion of exponential function will have a constant term,
a first order term and a quadratic term in time. For very
large values of τd, the expansion of the exponential series
can be terminated at the second order term, absorbing the
coefficients with ∆νp,∆ Ûνp and∆ Üνp terms. This gives a third
phenomenological model for the post-glitch behaviour given
by Equation 4.
∆ν(t ≥ tg) = ∆νp + ∆ Ûνp(t − tg) + 12∆ Üνp(t − tg)
2 (4)
(MODEL−III)
Some pulsars show a post-glitch rotational behaviour
which can be best described by two other subsets of the
above phenomenological models given by Equations 5 and
6.
∆ν(t ≥ tg) = ∆νp +
i=n∑
i=1
∆νdi e
− t−tgτdi (MODEL−IV) (5)
58020 58040 58060 58080 58100
Modified Julian Day
0
2
4
6
8
10
12
14
16
∆
ν
(µ
H
z)
MODEL−VI
MODEL−III
Figure 2. Modelled curve using MODEL−VI (Equation 7) is
over-plotted on the post-glitch evolution of ν after subtracting
the pre-glitch trends in this parameter for the large glitch in PSR
J0534+2200 on MJD 58064. The best model was arrived using a
Bayesian analysis.
∆ν(t ≥ tg) =
i=n∑
i=1
∆νdi e
− t−tgτdi (MODEL−V) (6)
The post-glitch behaviour of the largest glitch in PSR
J0534+2200 on 2017 November 7 (MJD 58064.9) shows a
delayed recovery preceded by a slow increase in spin up over
1.78(1) days, which cannot be described by any of the above
phenomenological models. Hence, we propose a phenomeno-
logical model invoking a strongly damped oscillatory fast
decaying transient response superposed on canonical post-
glitch behaviour of this pulsar. This model is given by Equa-
tion 7, where ∆νo is the amplitude of the oscillation with
angular frequency Ω, which get exponentially damped by a
time scale denoted by ζ .
∆ν(t ≥ tg) = ∆νoe−
t−tg
ζ sin[Ω(t − tg)] + ∆νp + ∆ Ûνp(t − tg) (7)
+
1
2
∆ Üνp(t − tg)2 +
i=n∑
i=1
∆νdi e
− t−tgτdi
(MODEL−VI)
From now onwards, we will refer to models described
by Equations 2, 3, 4, 5, 6 and 7 as MODEL−I, MODEL−II,
MODEL−III, MODEL−IV, MODEL−V and MODEL−VI
respectively. Wherever appropriate, different models can be
tested against the data. In what follows, we compare fits to
these models for PSR J0534+2200. We carried out best fits
to MODEL-I to MODEL-V, with similar initial guess val-
ues for the common parameters for the large glitch at MJD
58064. It may be noted that ∆ν shows a slow rise and a
turnaround in the initial two days after the glitch, which can-
not be fitted by these models. Therefore, we shift the origin
tg to MJD 58070 to get better estimates of the parameters
of the models with the assumption that the immediate tran-
sient response of the glitch decays down in the first 6 days
MNRAS 000, 1–11 (2015)
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after the glitch. From our fits, we find that compared to
Model−I,II,IV and V, MODEL−III explain the post-glitch
recovery the best. However, this model only describes the
long term delayed post-glitch behaviour and does not char-
acterise the transient at the glitch epoch. To incorporate
the transient along with the long term behaviour, we used
MODEL−VI. Since there are very few number of data points
in the turn around region, we did a Bayesian analysis instead
of least squares fit. We use EMCEE9 (Foreman-Mackey et al.
2013) package for running the Monte Carlo chains. The
Bayesian analysis yields a fit shown in Figure 2 with es-
timates for the parameters ∆νo, ζ, Ω, ∆νp, ∆ Ûνp and∆ Üνp with
reasonably constrained posterior distributions (not shown).
The validity of the MODEL−VI over MODEL−III has been
tested by computing the Bayesian Information Criterion
(BIC). The BIC for a given model is given by Equation 8
(Liddle 2007)
BIC = −2lnLmax + klnN (8)
where Lmax is the maximum likelihood, k is the number of
parameters and N is the number of data points. A model
with lower BIC is strongly preferred over the model with
higher BIC if the difference between the BICs is greater
than 10 (Kass & Raftery 1995). We compute the ∆BIC
= BICMODEL−III − BICMODEL−VI taking all the data
points in the post-glitch epoch. We obtain ∆BIC = 801510,
which implies the MODEL−VI is significantly favoured over
MODEL−III. This is also visually evident from the fit shown
in the Figure 2. However, the MODEL−VI is similar to
the MODEL−III at the later phase of the post-glitch evo-
lution. Therefore, asymptotically the contribution towards
post-glitch evolution in MODEL−VI should be similar to
that in the MODEL−III. Hence, we perform the same test
on the data points after MJD 58080. The measured ∆BIC
= 153, suggesting that the difference in the models is sig-
nificantly smaller in this regime. Overall, MODEL−VI is
strongly preferred over MODEL−III. We quote the median
of the posterior distribution as the best fit value for the pa-
rameters in Table 3 and quote 1σ error on the parameters
obtained from the posterior distribution. The initial guess
for the ∆νp, ∆ Ûνp and∆ Üνp for MODEL−VI were taken from
the best fit parameters of MODEL−III. While MODEL−VI
is remarkably better than the other models, we still advise
caution in using the MODEL−VI parameters, as the tran-
sient behaviour is constrained by only 2 degrees of freedom.
A much higher cadence during a future large glitch in this
pulsar is needed to validate this model significantly.
MODEL−VI can be used to arrive at an alternative
estimate of the glitch epoch. We use the parameters from
MODEL-VI to reconstruct the glitch event with 85 uni-
formly spaced data points as shown by the grey dashed
line in Figure 2. We use this as a template, M(t), to es-
timate the glitch epoch. Similarly, the data were interpo-
lated to 85 points between MJD 58021 and 58105 giving a
time resolution of 1 day, which we call as interpolated glitch
data G(t). The time resolution is equal to the gap between
the last measured pre-glitch epoch and the first measured
post-glitch epoch. The interpolated data were added with
Gaussian random noise with root mean square as 6.6×10−9
9 https://emcee.readthedocs.io/en/v2.2.1/
Parameter Values
∆νp 14.3562(7)×10−6 Hz
∆ Ûνp -1907(2)×10−15 Hz s−1
∆Üνp 70(1)×10−21 Hz s−2
∆νo 11.29(3)×10−6 Hz
ζ 5.16(1) days
P = 2piΩ 200(14) days
Table 3. Table containing the values of the parameters of
MODEL−VI fitted on the Crab pulsar glitch on MJD 58064.
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Figure 3. A smaller glitch at MJD 58237 succeeding the large
glitch in PSR J0534+2200. The panels in the figure are similar to
Figure 1
Hz, estimated from the uncertainties in the frequency mea-
surement shown in the middle plot of Figure 1. We then
follow Taylor’s Method (Taylor 1992) to compute the time-
of-arrival of glitch or the glitch epoch by minimizing the
chi-square between M(t) and G(t) in the frequency domain.
From the above mentioned method, we find the glitch epoch
to be MJD 58064.9(1), where this epoch now incorporates
the slow rise seen in ∆ν in Figure 1. We quote the values of
relative change in the rotation frequency and its first order
derivative at this epoch in Table 2. The instantaneous frac-
tional change in rotation frequency is 7 percent less with our
method than that quoted by Shaw et al. (2018) as we use an
epoch incorporating both the transient and delayed recov-
ery post-glitch behaviour as well as consider the relatively
smaller instantaneous change in spin parameter due to rising
behaviour of ∆ν at the glitch instant. In this model, the am-
plitude of oscillating component (∆νo) is almost 79 percent
that of the permanent change (∆νp) in the rotation rate, al-
though it is quickly damped by the large damping factor (ζ)
(small damping time scale of about 40 times smaller than
oscillation period). We use the same model to compute the
rise time of the glitch. From the middle panel of Figure 1, it
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Figure 4. A small glitch in PSR J0729−1448 at MJD 58267. The
panels in the figure are similar to Figure 1. Frequency residuals
were obtained by fitting ν only. Hence, ∆ Ûν evolution is not shown.
is evident that there exists a unique maximum. Therefore,
we define tr as the rise time of the glitch, where the deriva-
tive of Equation 7 vanishes. The derivative is independent
of the permanent change in the rotational frequency ∆νp as
given in Equation 9.
∆νoe
− tr −tgζ {− 1
ζ
sin[Ω(tr − tg)] +Ωcos[Ω(tr − tg)]} + (9)
∆ Ûνp + ∆ Üνp(tr − tg) = 0
We solve the Equation 9 by Brent’s Method within 0 to 3
days from the glitch epoch. The measured value of rise time
is 1.78(1) days. High cadence observations of a potential
future large glitch in this pulsar would be important to verify
if this is indeed the case. In addition to the large glitch, a
small glitch was detected at MJD 58237. The spin up in this
glitch is marginally higher than a similar “aftershock” glitch
(glitch 10) reported by Wong et al. (2001). It is possible
that the star has not fully recovered from the previous large
glitch. Hence, we used the post-glitch model from the large
glitch to estimate the parameters of this glitch. There is
no apparent recovery although the pulsar seems to exhibit
a gradual spin up relative to pre-glitch rotational rate at
late times post the glitch. However, this glitch is separated
by about 175 days unlike the 20 to 30 day separation in
the delayed “aftershock” reported by Wong et al. (2001), so
it is unlikely to be an aftershock, particularly as no close
succeeding glitch has been detected.
4.0.2 PSR J0729−1448
We report the sixth glitch in this pulsar. This new glitch is
the smallest glitch observed so far and succeeds a three order
of magnitude larger glitch at MJD 54687. Unlike this large
glitch, we do not see any appreciable change in frequency
derivative. There seems to be a recovery just after the glitch,
but our poor cadence near the glitch epoch does not allow
us to distinguish this from timing noise in this pulsar, which
−0.0075
−0.0050
−0.0025
0.0000
R
es
id
u
al
(s
)
PSR J0742−2822
Glitch Epoch
56650 56675 56700 56725 56750 56775
Modified Julian Day
0.00
0.01
∆
ν
(µ
H
z)
Figure 5. A small glitch in PSR J0742−2822 at MJD 56726. The
panels in the figure are similar to Figure 1. Frequency residuals
were obtained by fitting ν only. Hence, ∆ Ûν evolution is not shown.
may be of similar order. The time and frequency residuals
are shown in Figure 4.
4.0.3 PSR J0742−2822
PSR J0742−2822 is a bright pulsar, which was monitored
with a cadence of between 1 to 3 days at the ORT. The
pulsar shows a large amount of timing noise, which may be
related to its profile mode-change (Keith et al. 2013). The
frequency residuals were estimated using a moving box-car
of width 15 days with a stride of 5 days. The higher cadence
frequency measurement allow distinguishing the glitch from
the timing noise. A glitch was detected at MJD 56726 in
the ORT data. The time and frequency residuals for this
previously unpublished glitch are shown in Figure 5.
4.0.4 PSR J0835−4510
The Vela pulsar (PSR J0835−4510) is monitored at the ORT
with 1 to 3 day cadence. A large glitch in this pulsar was
reported on 2016 December 12 (Palfreyman 2016; Palfrey-
man et al. 2018). This glitch was also detected at the ORT
on MJD 57734. The glitch parameters are tabulated in the
Table 2 and the time and frequency residuals are shown in
Figure 6. The long term high cadence observations at the
ORT allow following the rotational evolution of the pulsar
with greater detail over 500 days. The post-glitch rotational
evolution can be best described by MODEL−II. Like previ-
ous glitches in this pulsar, the pulsar rotation rate relaxes
post-glitch with an exponential recovery. We did not have
cadence smaller than a day unlike the monitoring reported
elsewhere (Palfreyman et al. 2018; Ashton et al. 2019), so we
do not see fine scale features, such as pre-glitch spin-down,
rise time and short 60 s exponential relaxation. But, we do
see the long term exponential recovery with a timescale τd of
32(2) days. This timescale is comparable to those reported
in previous glitches of this pulsar. The post-glitch evolu-
tion has a permanent changes in the rotational frequency
MNRAS 000, 1–11 (2015)
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Figure 6. The time and frequency residuals for the glitch in PSR
J0835−4510 on 2016 December 12. The panels in the figure are
similar to Figure 1.Frequency residuals were obtained by fitting
ν only. Hence, ∆ Ûν is not shown.
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Figure 7. The time and frequency residuals for the glitch in PSR
J1731−4744 on MJD 57978. The panels in the figure are similar
to Figure 1. The frequency residuals were obtained by fitting ν
only. Hence, ∆ Ûν evolution is not shown.
∆νp = 15939.4(6)×10−9 Hz, along with the permanent change
in the spin frequency derivative ∆ Ûνp = −8.00(3)×10−14 Hz s−1
and its second order derivative ∆ Üνp = 1.52(1) × 10−21 Hz s−2.
Along with these permanent changes in the spin frequency
and their higher order derivatives, we have measured a com-
ponent of rotation frequency ∆νd = 9.3(3) × 10−8 Hz, which
recovers exponentially.
The healing parameter Q of a glitch is defined as a frac-
tion of the spin frequency recovered exponentially to the
total change in the spin frequency. Therefore, the healing
parameter can be written as Q = ∆νd/(∆νd + ∆νp) from
MODEL−II. The measured healing parameter for this Vela
glitch is 5.8 × 10−3.
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Figure 8. The time and frequency residuals for glitch 34 in
PSR J1740−3015 on MJD 57336. The frequency residuals were
obtained by fitting ν only. Hence, ∆ Ûν evolution is not shown.
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Figure 9. The time and frequency residuals for glitch 35 in
PSR J1740−3015 on MJD 57468. The frequency residuals were
obtained by fitting ν only. Hence, ∆ Ûν evolution is not shown.
4.0.5 PSR J1731−4744
A large proper motion has been reported for this pulsar in
the literature. For our timing solution, we have used the
proper motion computed by Shternin et al. (2019) assuming
the proper motion in RA and DEC to be µα = 63 mas yr
−1
and µδ = -83 mas yr
−1 respectively. The J2000 position of
the pulsar has been taken from the measurement made by
Yu et al. (2013a) as given in the Table 1. This pulsar exhib-
ited the largest glitch seen so far with a fractional spin up
about 85 times that seen in previous large amplitude glitch
on MJD 49387 (Espinoza et al. 2011). The high cadence
observations with the ORT allowed us to narrow down the
glitch epoch to about a fraction of an hour by extrapolating
the pre- and post-glitch phase. Our continued monitoring
of the post-glitch phase of this pulsar shows no sign of an
exponential recovery. However, the glitch is accompanied by
a significant decrease in frequency derivative. The change in
the frequency derivative was ∆ Ûν = 2.43 ±0.06×10−13 Hz s−1.
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Figure 10. The time and frequency residuals for glitch 36 in PSR
J1740−3015 on MJD 58236.
4.0.6 PSR J1740−3015
PSR J1740−3015 is one of the five pulsars with the largest
number of glitches reported. It very often shows both large
and small magnitude glitches. In our data spanning about
5 years, the pulsar glitched three times. The time and fre-
quency residuals of these three glitches at MJD 57336, 57468
and 58236 are shown in Figures 8, 9 and 10 respectively. The
former two were detected with the ORT and the last one was
detected with the uGMRT. These glitches break the previ-
ous pattern shown by the pulsar, where a large dominant
glitch was typically followed by several small glitches and
the glitch amplitude of large glitches was progressively in-
creasing as the fractional spin up in glitch 35 and 36 was
about 235 × 10−9 and 837 × 10−9, much smaller than that
in the previously reported large glitch on MJD 55213 (Glitch
32 : fractional spin up 2668 × 10−9 Yu et al. 2013b). No no-
ticeable recovery is seen in the post-glitch behaviour. This
is also made difficult by the small inter-glitch duration.
4.0.7 PSR J1751−3323
A new glitch was detected in PSR J1751−3323 with uGMRT
on MJD 58438. The pulsar exhibits large amounts of timing
noise in the inter-glitch interval as is evident from the fre-
quency residuals shown in Figure 11. This makes recognizing
any recovery difficult. The amplitude of fractional rotational
frequency change in this glitch is similar to that in the pre-
vious three reported glitches.
4.0.8 PSR J1837−0604
We detected a new glitch with uGMRT, the third and the
second largest in this pulsar. There is no apparent short term
recovery. Our data span was not long enough to characterize
any change in the rotational derivative for this pulsar. The
time and frequency residuals for this pulsar are shown in
Figure 12. There is a hint of post-glitch exponential recovery
of about 20 days, but our cadence was too sparse to estimate
this with a fit.
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Figure 11. The time and frequency residuals for the new glitch
in PSR J1751−3323 on MJD 58438. The frequency residuals were
obtained by fitting ν only. Hence, ∆ Ûν evolution is not shown.
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Figure 12. The time and frequency residuals for the new glitch
in PSR J1837−0604 on MJD 58233. The frequency residuals were
obtained by fitting ν only. Hence, ∆ Ûν evolution is not shown.
5 DISCUSSIONS & CONCLUSIONS
Eleven glitches in 8 pulsars are presented in this paper.
Three of these are being reported for the first time. The
results include the largest ever glitch seen in the Crab
pulsar on 2017 November 7 with a signature of a transient
increase in the frequency residual for two days followed
by the usual recovery seen in other large glitches in this
pulsar. We present a re-analysis of this glitch with our high
cadence data obtained using the ORT and show that the
post-glitch behaviour require a model with a short term
transient response and a longer term recovery involving the
rotational frequency and its two higher order derivatives.
The short term transient response may be described by an
overdamped second order transfer function as one of the
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probable models. Assuming this model, the glitch epoch
and the fractional spin-up is estimated to be 58064.9(1)
and 484.39(1) × 10−9 respectively. Reanalysis of glitch in
the Vela pulsar on December 2016 using data from the
ORT monitoring is also presented. High cadence long term
monitoring with the ORT reveals an exponential relaxation
time scale of 32(2) days with a healing factor Q = 5.8 ×
10−3. The sample of glitches presented in this work exhibit
a fractional spin up ranging from 2×10−9 in Crab pulsar
(PSR J0534+2200) to 3000 × 10−9 (PSR J1731−4744). We
also report the largest glitch ∆ν/ν = 3147.9 × 10−9 so far
in PSR J1731−4744. Post-glitch recovery is seen in PSR
J0534+2200 and J0835−4510, whereas a hint of exponential
recovery is visible in PSR J1837−0604. There is a significant
decrease in frequency derivative in PSR J1731−4744.
The short term transient feature in the first two days
following the largest glitch in PSR J0534+2200 seen in our
ORT monitoring is consistent with similar features reported
in previous large glitches (Lyne et al. 1992; Wong et al.
2001). This feature was also previosuly reported in observa-
tions of this glitch by Jodrell Bank Observatory (Shaw et al.
2018). A similar transient, albeit over a much shorter time
scale 12.6 s, is also reported in high cadence observations
of recent large glitch in the Vela pulsar (Palfreyman et al.
2018; Ashton et al. 2019). These transient responses point
to a disturbance in the stable configuration of vortices and
can allow for a probe of the dynamics of the participating
components of the star as well as determine the coupling
and mutual friction between the crustal and core superfluid
components (Graber et al. 2018; Haskell et al. 2018). An
important constraint for these models will be to explain
both the short time transient as well as long term recovery
within the same framework. This motivates continued high
cadence monitoring of these two pulsars with the available
telescopes. An automated way of triggering high cadence
observations as soon as a glitch is detected is also required.
Multi-element future telescopes, such as Square Kilome-
ter Array (SKA), can be very useful for such high cadence
monitoring, particularly if multiple subarrays are available.
Such subarray mode of observations is planned for SKA. A
smaller subarray of SKA Phase I can be used to carry out al-
ternate day monitoring program of a sample of dozen Crab
and Vela like pulsars, apart from observations of the Vela
pulsar itself. Coupled with an automated glitch detection
pipeline this can allow a larger number of such events to be
characterized with pulsars with different spin histories. This
can be potentially useful to understand the glitch dynamics
as well as internal structure of neutron stars.
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